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INTRODUCTORY AND THEORETICAL Material

The present method of calculating normal car-
diac output standards in man involves a fallacy,
and has led in practice to erroneous conclusions
(1). This is a serious matter for clinicians, since
it has been shown by Starr that the first indica-
tions of symptomless heart disease may be given
by abnormalities in cardiac output (2). Thus it
is reasonable to suppose that in the next few dec-
ades the determination of cardiac output will be-
come as common as that of basal metabolism, or
more so. Consequently it is the object of this
paper to present new standards, based on more
adequate statistical methods. Use has been made
of the data already in the literature, of a new series
of 50 subjects so far only reported in abstract (3),
and of partly published data on 174 normal indi-
viduals collected by Starr and his co-workers.
The introductory and theoretical part of this

paper refers to the construction of cardiac output
standards irrespective of the method used for
measuring output. The main standards developed
thereafter refer to the Starr ballistocardiograph;
in this connection a new constant for use in the
Starr formula for -stroke volume is given. Lastly,
some biometric relations between the various
methods are examined, and as a result tentative
recommendations with regard to cardiac catheteri-
zation data are made. There are at present in-
sufficient catheterization data available on normal
subjects from which to decide whether the same
standards may be used as for the ballistocardio-
graph. In any case the ballistocardiograph seems
the more appropriate instrument to use in deter-
mining whether a person is slightly abnormal or
not.

1 Present address: Sherrington School of Physiology,
St. Thomas's Hospital, London S.E. 1, England.

The material used in this analysis comes from
three sources. Firstly, Table I reports measure-
ments made personally with the ballistocardio-
graph on 50 healthy young men, when I was work-
ing in Dr. Starr's laboratory in 1943. In this
study classification of physique by Sheldon's
method (4) was undertaken and the somatotypes
of the subjects are given in the last column; I am
indebted to Dr. W. C. Dupertuis for help in this
aspect of the work. Secondly, the raw data of the
extensive ballistocardiographic series of 200
healthy persons reported by Starr and Schroeder
in 1940 (5) have been available to me. This series
is of particular value because the subjects have
been followed for eight to ten years (2) and those
now suffering from any cardiovascular disease
have been eliminated from the present calculations,
leaving 174 persons. Thirdly, in the last section
of the paper, use has been made of all the substan-
tial and detailed series of cardiac output data in
the literature, including results obtained by cathe-
terization, acetylene and ethyl iodide methods.

The reliability of cardiac output determinations
and the relations between results obtained by
different methods

Two points must be considered before under-
taking a detailed and thus laborious biometric
analysis of cardiac output data. First of all, it is
clearly useless to construct standards for a physi-
ological function which changes greatly from
minute to minute or day to day in an unpredictable
manner. We must first enquire what is the re-
liability 2-the repeatability-of the measurement.

2Reliability must of course be clearly distinguished
from validity. Reliability refers to how repeatable the
measurement in question is, and validity to whether it in
fact measures what it purports to measure. Clearly any
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TABLE I

Ballistocardiograph cardiac output data for 50 healthy young men

umber Age IHeight Weight Blood Mouth Heart Stroke Cardiac SomatotypeSumbjet Age Height Weight
press. temp. rate volume output

years Cms. kgs. cc. I/mit.
1 20 179.3 68.6 113/70 98.8 68 100 6.80 3 3 4
2 20 191.4 67.4 98/72 98.4 74 100 7.40 24 2 6
3 20 167.6 66.9 124/69 98.0 63 99 6.24 3 5 2
4 21 177.6 63.2 118/78 98.2 62 99 6.14 3 3 44
5 21 172.7 79.1 113/85 98.0 58 109 6.32 54 4 12
6 21 162.8 66.5 99/73 97.5 52 101 5.25 5 4

2

1
7 21 181.8 76.9 107/64 97.7 70 93 6.51 4 44 3
8 21 f82.6 62.3 122/76 98.7 58 126 7.31 24 2 54
9 21 183.3 63.2 103/58 98.3 59 98 5.78 2 3 5
10 22 182.5 67.4 107/73 98.4 57 112 6.39 2 34 44
11 22 186.6 71.9 118/76 98.2 49 108 5.29 3 34 4 2
12 22 189.0 71.9 117/80 98.5 59 95 5.61 24 3 5
13 22 183.0 88.6 120/77 97.8 57 115 6.55 5 44 14
14 22 178.2 90.9 114/84 97.3 55 94 5.17 5 5 1
15 22 183.2 68.1 122/77 98.4 65 103 6.70 24 34 44
16 22 184.3 66.0 110/75 99.0 59 100 5.90 2 3 5
17 22 167.7 61.0 102/67 97.8 55 109 6.00 4 44 3
18 22 184.4 80.5 105/74 98.0 58 112 6.50 24 5 3
19 22 168.7 72.4 110/79 98.2 60 93 5.58 54 3 2
20 22 166.4 70.5 106/73 98.5 64 101 6.46 5 3n 2
21 22 180.4 76.0 107/76 97.9 51 109 5.56 4 4 22
22 22 183.3 77.8 104/71 97.9 52 117 6.08 4I 3 44
23 22 177.7 77.8 118/81 98.7 75 107 8.03 3 52 2
24 23 165.5 66.5 109/70 98.7 69 105 7.25 42 42 2
25 23 168.8 56.4 103/72 98.0 64 93 5.95 32 3 4
26 23 175.8 76.9 96/68 97.6 55 103 5.67 32 3 24
27 23 175.8 59.1 111/69 98.0 58 92 5.34 22 3 5
28 23 173.1 66.0 114/75 98.1 65 93 6.04 3 52 24
29 23 186.2 75.5 98/72 97.5 56 93 5.21 3 3 42
30 23 181.0 74.6 103/74 98.6 74 104 7.70 4 4 22
31 23 173.6 66.9 97/68 97.6 64 88 5.63 22 3 3
32 23 175.2 76.5 108/71 97.5 61 96 5.85 4 S 2
33 23 177.1 72.4 109/70 98.4 68 95 6.46 4 3 3
34 23 167.1 62.8 112/78 98.9 78 91 7.10 3 5 2 2
35 24 189.7 81.4 101/70 98.2 66 114 7.53 22 42 4
36 24 178.0 67.4 114/73 98.4 83 90 7.47 3 32 4-37 24 176.2 77.4 104/70 98.5 73 91 6.64 6 22 2
38 24 183.3 70.5 105/72 98.1 65 111 7.22 3 32 4
39 24 173.6 77.4 111/75 97.8 55 90 4.95 52 32 2
40 24 178.0 69.1 104/65 98.0 51 99 5.05 4 3 4
41 24 172.6 75.5 100/63 97.8 50 112 5.60 24 6 14
42 24 172.3 61.9 111/77 99.1 76 95 7.72 3 3 4
43 24 189.7 79.6 113/73 98.6 57 119 6.78 2 4 4
44 25 177.0 68.6 101/68 98.0 53 103 5.46 34 34 4
45 25 167.8 68.6 106/67 98.1 53 102 5.41 3 2 3
46 25 173.0 62.8 108/81 98.4 68 80 5.44 32 4 4
47 25 168.5 62.3 101/75 97.4 46 111 5.11 4 32 3
48 26 163.4 48.2 97/65 98.1 64 85 5.44 2 4 4
49 26 177.8 70.5 113/67 98.6 58 112 6.50 2 6 22
50 27 182.8 61.9 113/68 98.5 54 121 6.54 11 2A 6

Mean 22.8 177.2 70.3 108.4/72.4 98.17 61.3 102 6.21 3.4 3.9 3.3

Standard
Deviation 1.5 7.05 7.9 7.0/3.1 0.44 8.2 9.8 0.79 1.1 1.0 1.3

This point must be emphasized simply because, be a great deal more reliable than then really are.
at least in its statistical aspects, it has been thor- The simplest way of quantitating reliability is by
oughly neglected by physiologists and clinicians, giving the correlation coefficient between two de-
who often instead assume their measurements to terminations, the second taken a few minutes or

measurement which is not reasonably reliable cannot be days after the first. This test-retest correlation
valid, but the converse does not hold. is known as the coeffcient of reliability. Despite
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NORMAL STANDARDS FOR CARDIAC OUTPUT INMAN5

its importance, it has only been reported for one
cardiac output method, the Starr ballistocardio-
graph; various more or less vague statements are
all that we have to go on for other techniques.
In estimations by the ballistocardiograph the re-
liability obtained from two tests seven minutes
apart on subjects well rested, so that variation of
the cardiac output with the passing of time is
minimised, is 0.91 (3). The data given by Starr
et al. (6) lead to a very similar figure for the
ethyl iodide method. The statement by Grollman
(7) that a retest nearly always falls within 10%o
of the initial value indicates that a similar figure
would be a reasonable approximation for the ace-
tylene method; while the catheterization method
would seem to be slightly less reliable, from the
statements of Nickerson et al. (8) and Warren
et al. (9).
Though this reliability is certainly high enough

to make the construction of standards worth while,
it is not nearly so high as for physical measure-
ments, or indeed as for the impressionistic assess-
ment of physique by a skilled observer. This
brings us to the second point. Can a single stand-
ard be constructed which applies to all methods of
measuring cardiac output, in particular to the
ballistocardiogram and to the catheterization
methods? He would be a bold man who asserted
unequivocally that such a standard is possible and
can be constructed with present data. But he
would be rash, also, who maintained one method's
standards have no bearing on another's; for the
quantitative relations between two methods are
a subject for biometrical analysis, and arguments
from the superior validity of one particular method,
however justified, are not relevant to this particular
problem.
The published results show an astonishing

agreement between the different methods under
most circumstances, when due regard is paid to
the relatively low reliability of each method. The
point is this: method A cannot correlate any better
with method B than it does with itself, and prob-
ably correlates with B a good deal less. When
comparing methods A and B, however, it is pos-
sible by statistical means to neutralize the unre-
liability of the tests, and see how closely the two
methods would agree if they were not subject to
such troubles; to find the true correlation of the
phenomena measured, were the methods of meas-

urement not fallible. This is known statistically
as correcting the coefficient for attenuation, and
is done simply by dividing the method A-method B
correlation by the square roots of each method's
reliability coefficient (10). The Starr ballisto-
cardiograph stroke volume for 25 subjects, cover-
ing wide age and surface area ranges, correlated
with the ethyl iodide stroke volume to the extent
of 0.86 (6). When corrected for attenuation so
as to represent the true correlation between meth-
ods when the unreliability is taken away, this figure

becomes 0*86 = 0.96. This indicates that
40.91 X 0.90

0.962 = 0.92 or 92% of the variance of each method
is due to the factor common to the two methods,
and only 8% to factors specific to each method.
More important is the correlation of the Starr
ballistocardiograph stroke volume with the cathe-
terization stroke volume (11). For 14 subjects,
covering a wide age range, and including normal
people and sick patients, the figure was 0.94.
The figure is slightly inflated by the average of
two ballistic records being taken, and by the in-
clusion of aortic cross-section in the old Starr
formula. This figure, corrected for attenuation,
reaches unity, and if not inflated from these causes,
could scarcely be under 0.95. Lastly, the Nick-
erson low-frequency critically-damped ballisto-
cardiograph gave a correlation coefficient of 0.83
with the catheterization figure for 54 observa-
tions over a wide age span of patients without
heart disease. This corrected would again be of
the order of 0.95, and at least with this instru-
ment "variations in arterial pressure, heart rate
and age appear to cause no significant variation
in the relationship between the cardiac index as
measured by the ballistic method and as determined
by the catheter method" (8). Thus these methods
agree well, at least for healthy persons at rest; and
it is from these that we obtain normal standards
and measure our degree of abnormality.

The fallacy of the present ratio standard

Two expressions have so far been proposed for
cardiac output standards; the output per surface
area (12) and the output per body weight (5).
The implications of the use of these ratios as
standards do not seem to have been generally
realised; the subject has been discussed at length
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BODY WEICIT ( KCS.)

FIG. 1. THE RELATION OF STROKE VOLUME AND BODY Nk EIGHT

elsewhere (1). Except in a special case, not met
by cardiac output figures, the ratio standard cre-
ates of itself a tendency to say large men have
small stroke volumes and small men large ones
and thus leads to the situation where large and
small men are reported as abnormal more readily
than are the medium sized.

This comes about in the following way. Figure
1 shows the stroke volume of the heart plotted
against body weight (data of Table I). The use of
the ratio, per-weight, standard implies that in the
normal person, the stroke volume is proportional
to the weight: in fact that the expression,

Stroke Volume = k. Wt., (P)

holds good over the range of values of weight
for which the standard is used; that is, for all
normal adult values. The constant k is deter-
mined by the mean values of the series of data on
which the standard is founded. Thus the line in

equation P passes through the point of the two
means, and, by virtue of the form of the equation,
through the origin also. If this line were really
a newly constructed per-weight standard, we
should judge any given stroke volume as normal
or abnormal according to how far away from the
line our value fell. This is the current practice,
using either the per-weight or per-surface area
standard. Now actually this expression by no
means represents the mathematically "best" or
"true" relation between stroke volume and weight
over the range of adult values. The best relation
is that given by the regression equation (assuming
rectilinearity of regression, which is justified at
least as a first approximation), and this equation
is:

Stroke Volume (ml.) = .32 wt. (kg.) + 79.5. (Q)

This is the line called equation Q in Figure 1, and
it will be seen that it only coincides with that of
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NORMAL STANDARDS FOR CARDIAC OUTPUT IN MAN

equation P at one point, the means. Equation P
should be our proper standard, and it can be seen
from the figure that a heavy man of 90 kg. will be
given by the ratio standard a "normal" stroke vol-
ume which is too high, by as much, in this instance,
as 20%o. At the end of this paper the example
chosen to illustrate the application of the new
standards also illustrates this point.
The regression equation also has the advantage

that a precise test of significance of the difference
between the values found and those predicted is
available. That is, confidence limits can be pre-
cisely specified, such that only one normal man in
20, or one in 100, as is wished, is reported wrongly
as abnormal. A similar test is not so readily avail-
able for the ratio standard.

The multiple regression equation standard in
theory

Correct normal standards of cardiac output
should be constructed, then, from the regression
equations found experimentally in healthy people.
We not only wish to have standards for every
weight, but also for each age, for either sex, and
indeed for the varying conditions of all the vari-
ables upon which, in the normal individual, stroke
volume depends. The more precise the standard
for the normal, the smaller the variation we shall
be able to identify as abnormal, and the earlier
the diagnosis of disorder. What we need is a
multiple regression equation in which is shown the
dependence of stroke volume upon many variables,
each with its own effect separated off from the
effects of the others. Stroke volume, we may say,
is given (in the normal) by

V8= aL + bM + cN + dO + eP, (A)

where L, M, N, etc. are such variables as weight,
age and sex, and a, b, c, etc. are coefficients. Such
an equation assumes that the relationships between
all the variables concerned are linear, though there
is no reason why more complicated functions either
stated curvilinearly or reduced to linearity by tak-
ing logarithms or by some other means should not
be used if they represent the data better. Our
present data warrant no other assumption than that
of linearity, except possibly in the case of age.
Multiple regression equations of this sort are used
in the newer tables of children's weights, and have

been constructed by pathologists to help them
identify abnormal tissues (13). A very full and
exemplary treatment of their construction and use
for basal metabolism standards will be found in
Harris and Benedict's monograph (14).

Cardiac output per minute is a physiologically
important but composite variable, and its com-
ponents, stroke volume (V8) and heart rate, are
governed by factors which are to a large degree
independent of each other (as signified by Vs and
heart rate having a negative correlation at rest of
about -.4). Both stroke volume and heart rate
are of very considerable interest in themselves,
and it would therefore seem best to have stand-
ards for these two variables, as well as for cardiac
output per minute. It could then immediately
be seen whether a person with a high cardiac out-
put had it because of a high heart rate for, let us
say, his age and sex, or a high stroke volume for
his size, age and heart rate.
The variables that enter into the multiple re-

gression equations depend, of course, on the cor-
relations found empirically for healthy people.
But a priori we may surmise that we should allow
for age, sex, and body size and shape. Height,
weight and surface area are merely crude ways of
considering physique; these relations will be dis-
cussed in more detail in the next section. Our
theoretical equations may then be:

Stroke Volume = a. Body Size factor + b. Age + c. Heart
rate + d. Chest dysplasia + e. Androgeny of Phy-
sique+f. ..... (B)

Heart Rate = a'. Body Size factor + b'. Age + c' ... (C)
Cardiac output/min. = a". Body Size factor + b".
Age + c" .......................... (D)

It is proposed to derive equations of this type
for each sex with the accuracy the (lata available
permits.

The data

In Table I are listed the data for 50 healthy students.
These determinations were made between 12 noon and
3.30 p.m. in June with laboratory temperatures varying
from 21.20 C to 33.5° C. The subjects had taken no
strenuous exercise on the day of the test, and had not
smoked or had anything to eat or drink for three hours
previously. Each sat in a chair resting for 30 minutes
and then lay down on the ballistocardiograph. At the
end of 14 minutes a recording was taken, and another at
the end of 21 minutes. The figures in Table I are the
average of these two determinations (3).
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Table II sets out the biometric relations of all available
studies which give full figures, including the heights and
weights of the subjects. The first and third columns
refer to the data of Starr, the second to the contents of
Table I. These three columns are results from Starr's
high-frequency ballistocardiograph, using the area formula
of Starr, omitting A, the aortic cross-section area, and
using 100 instead of 33 as the constant, the reason for
which is given below.
The fourth and fifth columns refer to acetylene method

results. Lewis studied 100 apparently healthy middle-
aged and old men (15), but only the data on the 80
subjects between the ages of 40 and 79 figure in the
Table II calculations. Grollman's subjects were mostly
medical students in the post-absorbtive state (12). The
sixth column lists data obtained by Starr and his col-
leagues using ethyl iodide (16), and the last two columns
are from cardiac catheterization studies.
Very few catheterization data are available on normal

subjects. This being the case, it is all the more unfor-
tunate that the two available series, due to Cournand
et al. (17) and Stead et al. (18), do not agree. Stead's
value for stroke volume for ten normal subjects ([18]
their group 1 plus WP of group 4) of mean surface area
1.93 sq.m., heart rate 70.3 and age 25, was 85.6 ml.
Cournand's 13 subjects' mean stroke volume, when ad-
justed to Stead's means of surface area, heart rate and
age, is 96.2 ml. or 96.6 ml. according to whether the
adjustment is made using the regressions of Cournand's
sample itself or of equation B3, below. In either case
the difference between Stead's and Cournand's means is
more than twice its standard error, and unlikely to be
due to chance; it stems from a difference in arterio-
venous oxygen difference, due to method, climate, choice
of subjects, or some other factor. Thus the two series
cannot be considered as from the same population and
must be dealt with separately.

In the upper part of Table II means and standard
deviations of the various variables are tabulated; the
standard deviations are figures for the sample. The heart
rates serve as a guide to the degree of rest and relaxa-
tion of the subjects; in three of the four large male series
they are satisfactory, but Starr's ballistocardiograph group
have rather high rates, perhaps because they were not in
the post-absorptive state.
The middle part of Table II lists the regressions and

partial regressions that we are concerned with, and which
constitute the most important part of our analysis. These
regressions are estimates of regressions in the population
from which each sample was drawn, but some are, of
course, much better estimates than others, due to the
relative size of the samples. The standard errors are the
figures in italics each below and to the right of the parent
regression coefficient. The sampling error of the cathe-
terization data in particular is distressingly large in rela-
tion to the making of standards.
The lower part of Table II lists various correlation

coefficients of interest, and provides a way of judging the
goodness of fit of the regression lines specified. The
level of r for which P = .05 is given, and for coefficients

of this size the figure for twice the standard error of
each coefficient will not be very much smaller than this.

In Table III are the more detailed statistics for age
changes in cardiac output from the studies of Starr and
of Lewis.

BALLISTOCARDIOGRAPH STANDARDS

Leaving a further consideration of Table II to
the last part of the paper, we will now develop the
appropriate standards for the Starr ballistocardio-
gram.

The revised ballistocardiograin formula

The dropping of A, the cross-sectional area of
the aorta, from Starr's ballistocardiogram formula
(19) leaves the value of the constant in the formula
indeterminate, and before we can give regression
coefficients for stroke volume we must adopt some
particular figure. The value to be chosen is that
which will bring the mean normal figure for stroke
volume calculated from the ballistocardiogram into
line with the mean obtained by the catheter tech-
nique.

Using the Starr area formula without aortic
cross-section and omitting the constant 33 (i.e.,

V. = J(2I area + J area) W where the areas are
measured in millimeter-seconds, and 280 gm. dis-
place the light spot 1 cm.), the mean value for
Tanner's 50 men of average age 23 is 1.02 ml., and
for Starr's 24 men (Table III) of average age
24 is .92 ml. When both these means are ad-
justed for surface area and heart rate differences
by equation B3, so that they correspond to the
value of a group of surface area 1.80 sq.m. and
heart rate 62, Tanner's series mean is 1.00 ml. and
Starr's .94 ml. The difference between the two
series is just twice its standard error; probably
Tanner's subjects have higher outputs because
they were all measured in the summer. A figure
of about .96 ml. would perhaps be the best all-the-
year-round estimate. The question is whether to
bring this up to Stead's mean catheter figure, or
to Cournand's. I have chosen, pending more data,
to bring it to the latter, chiefly because this makes
the constant the convenient and self-evidently ap-
proximate figure of 100. It is recommended that
this be used in Starr's area formula, until further
developments take place.
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NORMAL STANDARDS FOR CARDIAC OUTPUT IN MAN5

TABLE III

Changes in cardiac output with age

Starr: Ballistocardiograph Lewis: Acetylene

Males Females

Age 20-29 30-39 40-49 50-59 60-79 20-29 30-49 50-69 40-49 50-59 60-69 70-79 80-89

Number 24 29 29 18 8 29 27 10 20 20 20 20 20

Surface Area M 1.86 1.91 1.92 1.91 1.85 1.57 1.61 1.72 1.82 1.82 1.79 1.75 1.68
0| .13 .11 .14 .12 .14 .12 .14 .13 .15 .13 .15

Heart Rate M 70.6 71.5 67.8 72.2 77.5 73.6 70.7 69.5 61.1 60.8 60.1 58.7 62.9
- 7.3 9.6 7.9 9.0 10.0 8. 1 5.1 8.1i 7.5 6.8 9.0

Stroke Volume M 92.4 86.7 82.1 66.8 48.5 70.4 67.4 62.8 71.3 67.4 68.1 66.5 60.0
a 10.5 10.8 13.6 12.6 7.8 8.5 10.2 10.9 9.0 10.5 10.3

Cardiac Output M 6.51 6.19 5.52 4.75 3.74 5.19 4.76 4.34 4.32 4.04 4.06 3.86 3.74
ff .88 .97 .86 .69 .85 .77 .57 .37 .48 .47 .65

I wave area M 21.7 19.9 17.0 9.7 9.4 12 2 11.3 8.4
a 6.9 5.4 7.5 4.4 2.9 3.0

J wave area M 50.1 42.4 39.6 30.0 24.6 32.2 27.9 25.9
_ 10.2 12.4 9.2 8.8 7.8 5.8

I/J 2.3 2.1 2.3 3.1 2.6 2.6 2.5 3.1

Average blood M 93.8 96.9 94.4 97.4 111.4 91.2 96.0 106.5 91.1 97.6 94.8 105.6 114.0
pressure a 7.8 5.7 8.4 7.3 6.9 9.7 6.6 7.9 8.5 11.2 13.0

This new constant is probably too high; it as-
sumes that persons lying at rest with an intra-
cardiac catheter in place and a needle in the femoral
artery are as truly basal as those lying in perfect
comfort on the ballistocardiograph, and this is un-
likely to be true. It places the mean level for bal-
listic stroke volumes considerably above that ob-
tained by adding 18.5% to the old Starr formula,
as suggested by Cournand (11), which gives a
value of 60 for the constant, and leads to the
rather low figure of 3.7 1/min. for the cardiac out-
put of healthy young men at rest. (Current model
experiments, Professor Starr tells me, support
the figure of 60, all the same.) That at present
we have no means of knowing absolute values from
the ballistocardiogram is of no importance what-
ever so far as our standards are concerned. As
used in practice they are independent of the con-
stant and of any absolute level. When the constant
changes as a result of further data accumulating,
the regression coefficients in equations B3 and C3
below will change proportionately, but the stand-
ard error of estimate (see below, p. 577) will do
likewise and the probability of a patient being
abnormal will remain unaltered.

The relation with body size

There are two classifications of physique which
command attention at the present time. One of
these is due to Sheldon (4), and the other, result-
ing from applying the methods of factor analysis
to measurement of the body, has reached its most
advanced position in the hands of Burt (20).
A discussion of the principles of these systems
and of the relation between the two will be found
elsewhere (21 ). The factor analysis yields a
general Body Size factor, and several subsidiary
factors such as the leptosomic, or linearity factor,
which is the equivalent of Sheldon's ectomorphy.
The Size factor is a measure of the simple large-
ness of the body; every measurement taken on the
body correlates positively with it. It is really this
Size Factor that we are attempting to consider
when we regulate the dosage of a drug by body
weight or calculate cardiac output per kilogram
or per square meter. (We may thereafter, it is
true, proceed to consider the relative amounts of
more of less active tissue, the bone, muscle and
fat proportions, but only after the general size has
first been allowed for, or, in statistical language,
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partialled out.) An estimate of a man's Size
Factor score may be obtained from a regression

equation involving height and weight and sacrum-

heel length (22) and it is this Size Factor esti-
mate which we should use as the first term in our

multiple regression equation for cardiac output.
However, another expression has been substituted,
and this the familiar one, DuBois Surface Area
(23). This surface area expression can be shown
for men to correlate with the Size Factor estimate
to the extent of .98 and its use therefore gives pre-

cisely the same result : it is a trifle simpler to
measure and compute and is already familiar to
clinicians. It should be again emphasized, how-
ever, that the surface area is used simply because
it provides a good estimate of the Size Factor and
for no other reason. There is no implication
whatever of theoretical physiological relations con-

cerning surface area and cardiac output, such as

caused controversy in the field of basal metabo-
lism (14, 23, 24). The figure used for weight
should be the subject's usual weight in health:
under no circumstances should any so-called
"ideal" weights be used, which are merely meth-
ods of telling what weight a given person would
have if he were somebody else of entirely different
appearance. I have used surface area as equiva-
lent to the Size Factor for women as well as men,

and the propriety of doing so might well be ques-

tioned: data on the subject are lacking.
The regression of stroke -volume on surface area

for ballistocardiograph data can be seen in Table
II. The figure for women is less than that for
men, but this seems to be due to the existence of
a positive relation between surface area and age

in the series of women, but not in the men. Par-
tial regressions with age constant give almost
identical figures for both sexes.

Heart rate and bode size seem to be independent
of each other. The heart rate has insignificantly
small correlations with height, weight and surface
area in all the data of Table II. The large series
of Boas and Goldschmidt (25) and Harris and
Benedict (14) gave almost exactly zero correla-
tions. We may conclude that resting heart rate
in the human is unrelated to the Size Factor.
Beyond the general Size Factor, one may sus-

pect that a person's body build may influence his
cardiac output. In the 50 young men of my

series, however, no sure relation could be demion-

strated between heart rate, stroke volume or car-
diac output and any of the Sheldon components
(3). Correlations with Burt's leptosomic factor
scores (taken to increase as linearity or ecto-
morphy increases, contrary to the usage in my
previous study [21]) were only .18 for stroke
volume and .19 for cardiac output, either of which
would be expected to occur once in five samplings
of a population in which there was no correlation
at all; and .06 for heart rate. Thus at present,
though some quite small positive relation between
stroke volume and linearity of build may exist, the
inclusion of body build factors other than general
size would not substantially improve our standards.

Stroke volunie and heart rate

The relationship between stroke volume and
heart rate is an inverse one. There is good agree-
mient, particularly in the partial regression, be-
tween the two male ballistocardiograph series, but
the figure for women seems only to be about half
as large.

Stroke volume and (igC
The regressions and correlations are in Table

II and some more detailed statistics in Table III.
Starr's male data show a very marked decrease
with age, with a linear correlation of - .65. The
female regression is again about half the male.

The standard regression equations

We are now in a position to assign values to
the coefficients in the regression equations B and
D, for the ballistocardiograph. These values are
the partial regressions in Table II; but they have
been rounded off to avoid giving an unwarranted
appearance of high accuracy. The figures for
stroke volume on surface area are sufficiently
close for the value 25 to be used for males and
females; for stroke volume on heart rate, - .50
covers adequately both male series. \We then
have: 3

Estimate V. (ml.) = 25 (S. Area - Mean S. Area) -
.50 (H. Rate - Mean H. Rate) -.80 (Age - Mean
Age) + Mean V8.............. Men, ballisto (Bi)

3A set of somewhat different equations based on pre-
liminary calculations has appeared in the Proc. Phila.
Physiol. Society, Amer. J. M. Sc., 1948, 216, 598. The
present equations replace those preliminary ones.
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and

Estimate V. (ml.) = 25 (S. Area - Mean S. Area) -
.20 (H. Rate -mean H. Rate) - .40 (Age -Mean
Age) + Mean V..............Women, ballisto (B2)

The partial regression coefficients in the equations
refer to population values, but the figures to be
inserted for the means of stroke volume, surface
area, heart rate and age should perhaps be taken
by each separate laboratory from the usual run of
its own data. In this way, though the mean stroke
volume figures may differ in different laboratories
due to variations in method, climate and so forth,
estimates of V. will always be couched at the
same level as the actually recorded measurements.
We must perforce assume that the standard devia-
tion is unaffected by such changes in the mean as
we have to deal with. For heart rate, at least, the
figures of different series agree very well, both
as to mean and standard deviation (3, 12, 14, 25).
The population mean for resting males may be
taken as approximately 62, and the standard de-
viation as about 8. For women these figures are
69 and 9. These values only apply if really suffi-
cient time of resting is allowed the subject before
determination; at least 15 and perhaps 20 min-
utes. The subject should preferably be in the
post-absorptive state.

Using 100 as the constant in the ballistocardio-
graph equation, the mean of Starr's series is 82
ml. for men and 68 ml. for women. Putting in
the means of his samples also for surface area,
heart rate and age, we finally have:
Estimate V. (ml.) = 25 S. Area -.50 H. Rate -.80 Age
+ 103. Men, ballisto (B3)

Estimate V. (ml.) = 25 S. Area - .20 H. Rate - .40 Age
+ 56. Women, ballisto (B4)

These equations, as has been emphasized, should
be regarded only as major terms in longer, more
accurate, expressions. They are inapplicable be-
low the age of 20, and of doubtful validity above
the age of 70. The standard errors of the co-
efficients have been indicated in Table II. The
multiple correlation of V. in these equations is
.77 for men, and .50 for women; that is, surface
area, heart rate and age account for 53% of the
variance of stroke volume estimated by the ballis-
tocardiograph in men, and 257% of the variance
in women.
By substituting an individual's measurements

in the relevant equation, we obtain an estimate

of what his stroke volume should be on the basis
of his surface area, heart rate and age. We then
discover experimentally his actual stroke volume.
Naturally the actual stroke volume differs from
the estimate by a certain amount, which we will
call d. The question to which the clinician re-
quires the answer, and to which all the above
development has been leading is simply "What is
the likelihood that this man's difference, d, is due
merely to sampling from the normal population ?".
This is a more valid form of the cruder question
"Is this man's stroke volume normal or not ?",
for if the likelihood of the man's difference having
arisen just by sampling is small, the man is pre-
sumably not from the normal population, and is
thus from another, abnormal one. It has been
customary, with the ratio standard, to say that
the man is abnormal if the difference between his
actual value and the mean value, or standard, is
20% of the mean. This usage has little statistical
foundation, and with the regression equation
standard we can replace it with a more valid and
more informative device. The estimates we make
from the regression equation have a standard
error, and a guide to the likelihood of a given
man not coming from the normal population is
directly given by the ratio of the difference, d, to
this standard error. The standard error is given by

(Jest = ovsV\/l-R2 (L)

where R is the multiple correlation coefficient.
Using the figures already given, we have Uest =
16/1 - .53 = 11 ml. for men and 8.6/1 - .25

7.5 ml. for women.
The interpretation of d//oest is that of the ordi-

nary critical ratio and from it the clinician can
tell how much confidence to place in the idea that
the man may be abnormal. The confidence limits
usually used by statisticians are -+- 2 for the ratio,
which would lead to five normal men in 100 being
classed as abnormal. Thus we may roughly place
the limits of stroke volume normality for males at
+L 22 ml. from the regression estimate. (Though
these limits seem reasonably appropriate, they are
quite arbitrary and stricter ones may be taken if
the clinician desires; for example at + 2.5, which
would lead to wrong classification only once in
100 people.)
Heart rate. To complete equation (C) for

predicting heart rate, we need only to employ the

577



J. -M. TANNER

mean figures for both sexes. The standard devia-
tions of the distributions of heart rates in the
population are known. Again, each laboratory
should use its own mean values. Whether or not
a given heart rate should l)e considered abnormal
may be tested in the same way as for stroke
volume.

Cardiac output. The equivalent equations for
cardiac output are:

Estimate C.O. (1/min.) = 1.1 (S. Area -1Mean S. Area)
-.05 (Age -Mean Age) + MNean CGO. ............
..................................M.\en, ballisto (D1)

and

Estimate C.O. (1/min.) = 1.7 (S. Area -Mean S. Area)
-.04 (Age -Mean Age) + Mean C.O..............
..............................Women, ballisto (D2)

With the mean values of Starr's series inserted, these
become:

Estimate C.O. (1/min.) = 1.1 S. Area -0.5 Age + 5.5..
..................................M.\en, ballisto (D3)

Estimate C.O. (1/min.) = 1.7 S. Area - .04 Age + 3.5..
..............................W omen, ballisto (D4)

These equations like those for stroke volume are
subject to later modification of coefficients as more
data accumulate, and are applicable only between
the ages of 20 and 70. The multiple correlation
coefficient for men is .61 and for women .54,
surface area and age thus accounting for 37%
of the variance of cardiac output in resting men,
and 29% of the variance in women. It may be
recalled that a similar equation for basal oxygen
consumption yields a multiple correlation of about
.85 which accounts for 73% of \variance (14).
Thus our standards are only about half as effec-
tive at catching the abnormials as are the B.M.R.
standards. Any future cardiac output standard
that does detect abnormals as efficiently as do the
present B.M.R. standards will have to be very
much more complicated than those developed here.
The last point may be brought home by a con-

sideration of the interpretation of d, the differ-
ence, as before, of the actual cardiac output from
the estimated. Again we have

(Jest cc. . -R2. (M)
The higher R, the smaller crest. and thus the
smaller the difference, d, to place a man outside
the normal limits. WVe have this time (Jest =
1.1\1 - .37 = .87 1/min. for men and .84\/ 1 - .29

.71 1/min. for women. Confidence limits wovould

again be + 2 for the radio d/cret. Thus the limits
of cardiac output normality for males would be
roughly at a + 1.7 1 /min. difference from the
regression estimate for men, and 1.4 1 /min. dif-
ference for women.

LUse of the standard equations. We may con-
clude this section with a couple of practical ex-
amples of the use of the new standards. Subject
No. 5 of the Tanner ballistocardiograph series was
aged 23; his height was 176 cm., weight 77.3 kg.,
and Dubois surface area 1.92 sq.m. After 20
minutes lying at rest, his heart rate was 73 per
min. and calculation from his ballistocardiogram
impacts gave a stroke volume of 91 ml.
To answer the question whether this man is

abnormal substitute his surface area, heart rate
and age in equation B3 using the Starr series
means. The estimated stroke volume figure for
such an individual is 96 ml. The difference be-
tween the value found and that predicted is 5, and
the critical ratio of this difference to its standard
error is 5/11 = 0.5. Thus there is no reason
to regard this man as abnormal. The report on
this inan would read "actual stroke volume 91 ml.,
standard estimate 96 mil., critical ratio 0.5, nor-
mal." It is instructive to consider how this m-an
would have fared by reference to the old stand-
ards. His per-surface area estimate is 106 ml.
and his per-weight estimate no less than 112 ml.
On the basis of the weight standard he would be
judged abnormal, with a stroke volume 21 %o
below average.
A second man, F., aged 69, of surface area

1.89 sq.m., had a heart rate of 64 and a stroke
volume estimated by the ballistocardiogram of 42
mnl. He complained of nothing, worked normally,
and was tested merely to add to the collection of
normal data. His stroke volume, however, seems
small. Is it likely he is abnormal? Substitution
in equation B3 gives his regression estimate as
63 mil. The difference between the values found
and estimated is 21 mil. and the critical ratio is
21/11 = 1.9, on the borders of conventional sta-
tistical significance.4 It is therefore relatively un-

4 This is using the hypothesis that the man is abnornial,
i.c., has either too low or too high a stroke volume. But
if the hypothesis is that his output is too small (probably
the more important one clinically, since other factors will
usually lead one to suppose abnormality of one particu-
lar sort), then the level of normality should be taken at
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likely that this man has a normal heart, despite
his history; and, indeed, a few years later, he
became aware of having coronary disease.
The cardiac output estimates for these two men

may be calculated from equation (D3) and the
likelihood of their being abnormal similarly as-
sessed; the information yielded for these two
cases is the same as above.

COMPARISON OF BALLISTOCARDIOGRAPH WITH

OTHER METHODS

A few of the relations between the various car-
diac output methods implied by the sea of figures
in Table II seem worth fishing up and examining
shortly, even if their subsequent fate is to be
thrown back in. Most of this discussion con-
cerns males only.

Stroke volume and surface area

On the present data there is little reason to
suppose that any significant difference in this
regression exists between the ballistocardiograph,
acetylene and catheterization methods. Cour-
nand's series had a curiously large range of sur-
face areas, with a sample standard deviation of
.17 compared to all the other samples' .13 or .14.
Perhaps this was done on purpose with the idea
of covering a good range of sizes in normals; it
may well be responsible for tipping up the regres-
sion line if the relationship is not really quite as
linear. as we would like to suppose.
There is a suspicion that the ballistocardiogram

area formula may lead to higher correlations with
height and lower with weight than do the other
methods; possibly the length of the body influences
the form of the I or J waves. Starr has himself
suggested that body length should be allowed for
in the ballistocardiograph formula (19), and
Nickerson has included it in a revised formula
for use with his low frequency instrument (8).
A long aorta contains a greater mass of blood
than a short one, and it is conceivable also that
the time between the blood hitting the arch and
the bifurcation should be larger in tall men than
in short ones. Calculations on my series of 50
subjects does indeed show that the J wave area
has with bodily stature a specific relation of its
own; a relation, that is, not shared by the I wave.

a critical ratio of 1.65 instead of 2. One then misclassifies
as too low outputs of five people in 100.

Stroke volume and heart rate

There appears to be a significant difference in
this regression between the acetylene and the
ballistocardiograph methods. As heart rate rises,
stroke volume apparently decreases nearly twice
as fast by the acetylene as by the ballistocardio-
graph. At least part of the reason for this seems
clear enough. In both acetylene studies the sec-
ond samples of rebreathed air were taken 23-25
seconds after the beginning of rebreathing, and
the evidence presented by Hamilton (26) that con-
siderable recirculation has occurred during this
time seems entirely convincing. The greater the
heart rate, the less circulation time (27-29), the
more the recirculation, and therefore the lower,
apparently, the stroke volumes: part of the nega-
tive correlation in the acetylene data is artefactual.
For this reason I would be inclined to place the
most likely partial regression for the catheter
method near to - .5 rather than - 1.0; the dif-
ferences in the two catheter series are presumably
due mainly to sampling error.

Stroke volume and age

There are only two considerable sets of data on
age changes, and unfortunately they are in com-
plete disagreement. Starr's ballistocardiograph
data show a large decrement with age, while
Lewis's acetylene data have hardly any decrement
at all (Table III).
The disagreement in results is probably due to

both sampling bias and to the difference in method.
Lewis's subjects on which the regressions are cal-
culated covered the age range 40-79 and were
selected as being healthy men free from cardio-
vascular as well as other symptoms. It is perhaps
not unreasonable to suppose that towards the end
of the age span the subjects so qualified were those
who had maintained fairly high cardiac outputs.
Others, who would enter into lower age group
standards as perfectly normal, and who subse-
quently had suffered a (not unusual) decline of
output might perhaps not be free of slight symp-
toms. In short, there may have been selection
for high cardiac outputs at the upper end of the
age distribution. Secondly, in the acetylene
method the amount of recirculated blood may well
decrease with advancing age (27, 28, 30) and if
so cardiac outputs would appear to increase.
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Thus a true drop would be marked by an arte-
factual rise.
The only catheterization figure, from Cour-

nand's series of 13 subjects between the ages of
21 and 52, agrees with the hallistocardiogram
figure, but its standard error is so high that the
agreement cannot be taken very seriously. Some-
what in agreement's favour, however., are the data
from the low-frequency ballistocardiograph of
Nickerson (8). The correlation of these results
and catheterization was .83 (whOich corrected for
attenuation reaches .9) and no change occurred
with increasing age in the relation between the
results secured by the two methods.

There is on the other hand an argument in
favour of the ballistocardiograph overemphasizing
the decrement with age, and doing so in a way
which may prove of great value to clinicians in
the future. The area under the I and J waves
reflects not only the stroke volume, but also the
ejection curves of the ventricles (31). If the
ejection curve changes, the formula for stroke
volume becomes relatively inapplicable. Though
as yet there does not seem to be any direct evi-
dence that the ejection curve does change with
age, that it should do so would be entirely con-
sonant with general ideas of aging, and indirect
evidence may be found, perhaps, in electrocardio-
graphic changes (32). Such a change must be
of the sort which will lead to a diminution of the
area under the I and J curves, even when the
actual stroke volume remains constant. It must
not, however, alter the ratio of the J area to the
I area, since this remains more or less unchanged
as age advances (Table III). To satisfy these
requirements the nature of the change can be
predicted on the basis of Hamilton's curves (31,
Figure 8) to consist of a ventricular contraction
of usual initial speed and force but less sustained
than normal; and this seems not an unreasonable
thing to occur with myocardial aging.

Probably the true partial regression of stroke
volume on age lies between .6 and .8 ml. per
year, over the age range considered. This as-
sumes a linear decrease of stroke volume with
age, which, though unlikely to be actually true,
is the only assumption warranted by the extant
data. It also implies the conclusion that the
arteriovenous oxygen difference rises with age,

since the oxygen consumption correlation is only
about - .3 (33) compared to the stroke volume
figure of between - .5 and - .65. Pending fur-
ther developments, it would be best to use the
same regression for cardiac catheter method
standards, if these are needed, as for the ballisto-
cardiogram, remembering this may exaggerate the
age effect slightly. There is great need for simiul-
taneous studies by the ballistocardiograph and
catheterization methods upon normal subjects of
different ages. When the position is clarified, it
may well be that one of the chief clinical values
of the ballistocardiogram will lie in measuring not
stroke volume, but myocardial changes and effi-
ciencv.

Cardiac outptut and sex

The only extensive data on the cardiac output
of normal women are those of Starr. WMhen the
stroke volume of the 20-29 year old women is
adjusted by means of equation B4 to the same
surface area and heart rate as Starr's 20-29 year
old males, it is smaller than the male figure in the
ratio .85. The corresponding ratio for the 30-49
year old women is .89.
The resting heart rate of women. on the other

hand, is about 10%c higher than that of men (14,
25), and since heart rate is not related to body
size, this is irrespective of size. Thus the cardiac
output per minute would be more nearly the same
than is stroke volume. The ratios for Starr's
groups are smaller than would be expected. prob-
ably because the subjects have greater than basal
heart rates; they are .87 and .91 for the two age
groups.

Heart rate and stroke volume seem to be more
independent in women than in men, but this result
should be treated with reserve, as the difference
between the two regressions lies only at the level
of P = .075 even if the comparison is made with
both Starr and Tanner male data. Stroke volume
in women apparently declines somewhat less rap-
idly with age than in men, and in this case the
probability of the regression difference having
arisen by chance sampling is only 1 in 70 (P =
.014). The equivalent partial regressions of car-
diac output on age, however, are not significantly
different.
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Standards for catheterization data

The data are too meagre and in too little agree-
ment to warrant the creation at present of special
catheter standards. It is recommended that the
ballistocardiograph standards be used with cathe-
ter data pending further developments, and with
full realization of the possible errors incurred.
The fact that in some disorders the ballistocardio-
graph may give results widely different from the
catheter, due to changes in the cardiac ejection
curve, is irrelevant so far as the use of normal
standards is concerned: under such circumstances
the ballistocardiograph standards would relate
better to the catheter results than to the ballistic
ones. With the latter, one can imagine a situa-
tion where a true increase in stroke volume may
be accompanied by a weakened ejection, one fault
compensating for the other. Ultimately standards
for the ejection curves themselves will have to be
made.

SUMMARY

1. Ballistocardiographic cardiac output data,
blood pressure, mouth temperature and somato-
type are reported for 50 healthy young men at
rest.

2. The reliability of cardiac output methods is
discussed, and it is shown that agreement between
the ballistocardiograph and catheterization meth-
ods is very good, if their respective reliabilities
are taken account of.

3. The present use of ratio standards such as
per-weight and per-surface area involves a fallacy
and leads to erroneous results, sometimes of prac-
tical importance; this is discussed.

4. The construction of normal standards for
cardiac output by means of multiple regression
equations is discussed and the appropriate stand-
ards derived for the Starr ballistocardiograph
stroke volume and cardiac output for men and
women. Their clinical use is illustrated.

5. To bring the Starr ballistocardiograph data
into line with Cournand's catheterization values,
it is recommended that, when aortic cross-section
is dropped from the Starr wave area formula for
stroke volume, the constant 33 be provisionally
replaced by 100.
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